We report switching of magnetic anisotropy (MA) from in-plane to perpendicular with increasing the thickness d of a (001)-oriented ferromagnetic-semiconductor (FMS) (Ga0.7,Fe0.3)Sb layer with a high Curie temperature (TC > 320 K), using ferromagnetic resonance at room temperature. We show that the total MA energy (E⊥) along the [001] direction changes its sign from positive (inplane) to negative (perpendicular) with increasing d above an effective critical value d C * ~ 42 nm.
I. INTRODUCTION
Materials having perpendicular magnetic anisotropy (PMA) are very interesting compared with those having in-plane magnetic anisotropy (IMA) due to their ability to provide higher storage density and high thermal stability for information storage [1] [2] . PMA is important for nonvolatile magnetic memory because PMA can reduce the critical current density for magnetization switching [3] - [5] . Also, PMA in ferromagnetic metal / semiconductor hybrid structures will be useful for semiconductor-based memory devices [6] ; however, integrating metallic ferromagnets into semiconductor-based electronic devices, which is crucial for realizing low-power spin-based electronics, is challenging because of problems such as conductivity mismatch and magnetically dead layers at the metal/semiconductor interfaces.
On the other hand, ferromagnetic semiconductors (FMSs), which exhibit both magnetic and semiconducting properties, are more promising due to their good compatibility with the semiconductor technology. Over the past 20 years, most of the studies on FMSs have been focused on Mn-doped III-V p-type FMSs, such as (In,Mn)As and (Ga,Mn)As. Magnetic anisotropy (MA) of these Mn-doped III-V FMSs was observed and controlled [7] - [23] : The control of MA between IMA and PMA by strain, temperature, and carrier concentration change via an external gate voltage has been demonstrated. Moreover, it has been reported that the prototypical Mn-doped III-V FMS (Ga,Mn)As has complex properties of MA due to the co-existence of a cubic anisotropy field along the 〈100〉 axes, an uniaxial anisotropy fields along the 〈110〉 axes, and an additional uniaxial inplane anisotropy field along the [100] axis. This issue is still a hot topic for researchers [23] .
However, Mn-doped III-V FMSs such as (Ga,Mn)As are not suitable for practical device applications because of the following problems: (i) All the MA studies and device demonstrations using (Ga,Mn)As were performed at low temperature because of its low Curie temperature TC [the highest TC is 200 K for (Ga,Mn)As] [24] . (ii) All the Mn-doped FMSs are p-type (both n-type and p-type FMSs are necessary for realizing semiconductor-based spintronic devices).
Heavily Fe-doped narrow-gap III-V FMSs are promising alternatives to overcome the problems of the Mn-based FMSs. By using Fe as magnetic dopants, we can grow both n-type FMSs ((In,Fe)As [25] [27] , (In,Fe)Sb [28] ) and p-type FMSs ((Al,Fe)Sb [29] , (Ga,Fe)Sb [30] - [31] ). This is because Fe atoms are mostly in the isoelectronic Fe 3+ state and do not supply carriers.
Moreover, these Fe-doped FMSs, especially (Ga,Fe)Sb, are very promising for room-temperature device applications because of their high TC (TC > 400 K [32] ). The observation of high-TC ferromagnetism in these Fe-doped FMSs is striking, because it is opposite to the prediction of the mean-field Zener model [33] which claims that TC will be high (low) in wide-gap (narrow-gap)
FMSs. Therefore, by thoroughly investigating the magnetic properties, particularly the magnetic anisotropy, of these Fe-doped FMSs, it is expected to uncover various unknown aspects in the magnetic physics and materials science of FMSs. Previously by studying the MA of (Ga0.8,Fe0.2)Sb thin films (thickness d = 15 nm), we found that IMA is dominant due to the large shape anisotropy constant (Ksh) [32] . Here in this work, we report a new finding that the switching of MA from IMA to PMA can be induced by increasing the thickness of (Ga,Fe)Sb over a critical value of 42 nm.
This results provides an important guide for designing the MA of high-TC FMS (Ga,Fe)Sb thin films for device applications operating at room temperature.
II. SAMPLE GROWTH AND CHARACTERIZATIONS
We grew a series of (001)-oriented (Ga0.7,Fe0.3)Sb thin films with various thicknesses d of 15, 20, 30, 40, and 55 nm, which are named G15, G20, G30, G40, and G55, respectively. All the samples were grown by low-temperature molecular-beam epitaxy (LT-MBE) on an AlSb/AlAs/GaAs buffer layer using a semi-insulating GaAs (001) substrate [ Fig. 1(a) ]. The detailed growth procedure, crystal structure, X-ray diffraction (XRD), and other characterizations are presented in Supplementary Material (SM) [34] . From these detailed characterizations, we confirmed the intrinsic ferromagnetism of (Ga,Fe)Sb. XRD results show all the (Ga,Fe)Sb films with various thicknesses have tensile strain and almost the same value of epitaxial strain  ~ -1.58 %, consistent with our previous report [32] . Therefore, in this study, we rule out any strain induced magnetic anisotropy change. We characterized the magnetic properties of all the samples using magnetic circular dichroism (MCD) spectroscopy and superconducting quantum interference 
III. FERROMAGNETIC-RESONANCE (FMR) MEASUREMENTS AND THEORETICAL MODEL
We used ferromagnetic resonance (FMR) to estimate the MA constants of the (Ga0.7,Fe0.3)Sb thin films in a similar fashion as reported in our previous work [32] . The samples were placed at the center of a TE011 microwave cavity, at which the rf magnetic field and rf electric field of the microwave are largest and smallest, respectively. The microwave frequency used for the measurement is 9.07 GHz (see SM [34] ). All the samples were measured under a microwave power . We note that a raw FMR spectrum included a background signal, which was separately detected by measuring the FMR spectrum without a sample in the cavity and then was subtracted from the raw data. The crossing point of the raw FMR spectrum and the background FMR spectrum is the resonance field 0HR
[violet arrows in Fig. 3(a) ] (see SM [34] To determine the MA constants, we used the free energy density E θ M ,φ M given by [35] 
Here in { }, the first term describes the Zeeman energy, the second term is the demagnetizing 
where
is the shape anisotropy energy, and E⊥ is the total MAE including Esh in the [001] direction (i.e. θ M = 0). We note that the MA energies (E⊥ and E ⊥ 0 ) are opposite in sign to the MA constants (K 2⊥ and K 4⊥ ).
The film shows IMA when E⊥ > 0 and PMA when E⊥ < 0 according to Eq. (2). Using Eq. (1) along with the well-known Landau-Lifshitz-Gilbert (LLG) equation [36] , [37] and Smith-Beljers expression [38] , we derived the following equation for the rotation of H in the perpendicular plane
Here, ω is the Larmor angular frequency, γ = gB/ħ is the gyromagnetic ratio, where g, B, and ħ are the g-factor, Bohr magneton, and reduced Planck's constant, respectively, and 0HR is the resonance field. Similarly, the equation for the rotation of H in the film plane
in the (001) plane, is given by
We fit Eqs. (3) and (4) 
were estimated for all the samples.
IV. RESULTS AND DISCUSSIONS
Figures 3(b) and 3(c) show the fitting curves (see the black solid curves) derived from Eqs.
(3) and (4), which reproduce the observed angular dependence of the FMR fields very well for all the samples. Table I shows the derived fitting parameters at room temperature (300 K). In Table   I , we note that μ 0 H 2⊥ rapidly increases as d increases, while μ 0 H 2// is almost constant. We also note that in G40 and G55, μ 0 H 4⊥ appears and increases with increasing d. These findings show that there is a strong d dependence of magnetocrystalline MA in the (Ga,Fe)Sb films. In Table I , we also note that the estimated g factor values show deviation from 2. This deviation in g from 2 is
due to the spin orbit interaction [39] , which indicates that Fe atoms in the (Ga,Fe)Sb thin films are not only in the 3+ but also in the 2+ state. Figure 4 dependence of E ⊥ 0 , we separated E ⊥ 0 using
Here, E ⊥,1 0 (d ) = ad is the thickness-dependent component, where a is a coefficient, and E ⊥,0 0 is the thickness-independent component. The dashed line in Fig. 4(c) shows the fitting carried out using Eq. Fig. 4(a) ]. This thicknessdependence of K4⊥ suggests that its origin should be related to the magnetocrystalline anisotropy of the Fe-rich nanocolumns formed in the thick (Ga,Fe)Sb sample. This origin, however, needs further careful investigations to be clarified. We also note that in (Ga,Fe)Sb with the Fe concentration lower than 20%, PMA does not appear due to the absence of Fe rich regions [30] .
On the other hand, the weak in-plane two-fold symmetry along the [ 
V. CONCLUSION
We have revealed the strong d dependence of MA in (Ga,Fe)Sb using FMR measurements at 300 K. In the thin (Ga,Fe)Sb samples (G15, G20, G30, and G40), IMA is observed. This result is consistent with our previous report, where the shape anisotropy is dominant over the perpendicular magnetocrystalline anisotropy [32] . However, when d is large (G55), the PMA is observed, which is possibly caused by the formation of the nano-columnar-like Fe-rich regions due to spinodal decomposition. These findings suggest that the local fluctuation of Fe density in heavily-Fe-doped (Ga,Fe)Sb plays an important role in determining the magnetic properties of these thin films, and that the easy magnetization axis of (Ga0.7,Fe0.3)Sb can be controlled by changing the film thickness. The observation of FMR at room temperature and the control of MA are important steps towards understanding the magnetic properties and device applications of (Ga,Fe)Sb. AlSb/AlAs/GaAs using semi-insulating GaAs (001) substrates. The schematic structure of our samples is shown in Fig. 1(a) of the main text and in Fig. S1(a) . In all the samples, after growing a 100-nm-thick GaAs layer on a semi-insulating GaAs substrate at a substrate temperature TS = and point#2 contain twin defects, all the three points have the same zinc-blende crystal structure.
There is no second phase or precipitation. From these structural and other characterizations including MCD measurements (see the next section), we concluded that (Ga0.7,Fe0.3)Sb has intrinsic ferromagnetism. , where R is the optical reflectivity, E is the photon energy, and ∆E is the Zeeman splitting energy. Since, MCD is proportional to dR/dE and E, it directly probes the spin-polarized band structure of the measured material. Thus, MCD is a powerful tool to characterize the intrinsic magnetic properties of (Ga,Fe)Sb [30] . Figures 1(b 
X-ray diffraction (XRD) measurements for the estimation of epitaxial strain
In order to estimate the epitaxial strain as a function of d, we measured X-ray diffraction (XRD) of the (Ga,Fe)Sb samples using a Rigaku's Smart-Lab® system with a copper source at an X-ray wavelength of 0.154 nm. Figure S5 show the XRD curves of all the samples. In all the samples, by fitting Gaussian curves to the XRD peaks of the buffer layer and the (Ga,Fe)Sb layer, we determined the peak position (theta value). From the peak positions, we estimated the intrinsic lattice constants of (Ga,Fe)Sb (aGaFeSb) and of the buffer layer (aAlSb). We estimated the epitaxial strain ε by using the following formula, ε = a GaFeSb −a AlSb a GaFeSb 100 (%) (see [S1] for the estimation method of ε). From Fig. S5 , the peak positions of (Ga,Fe)Sb and AlSb are almost same in all the samples; the estimated strain value is  ~ -1.58 %. Hence, all the (Ga,Fe)Sb films have tensile strain, consistent with our previous report [S1] . Therefore, we rule out any strain induced magnetic-anisotropy change in the (Ga,Fe)Sb films with various thicknesses.
Here in { }, the first term is the Zeeman energy, the second term is the demagnetizing energy (also called 'shape anisotropy'), and the remaining terms represent the magnetic anisotropy energy, Eqs. (S5) and (S6) are the same as Eqs. (3) and (4) in the main manuscript, and these are our fitting equations for our FMR results, where μ 0 H 2⊥ , μ 0 H 4⊥ , μ 0 H 2// and g = (γħ/µB) are the fitting parameters. Figure S7 shows the FMR spectra of our (Ga0. 
FMR spectra and background signal
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